The maximum luminescence dissymmetry factors (g lum ) in aqueous solution are high with g lum max = 0.08 -0.40. Together with the very favorable general properties (good stability, high quantum yields, long lifetimes), the presented lanthanide complexes can be considered as good candidates for analytical probes based on CPL in biologically relevant environments.
Introduction
The application of luminescence methodology 1 has become widely used in the natural sciences in recent decades. It is particularly important in areas related to biology and medicine, such as genetics, biotechnology, medical diagnostics, and forensics. Lanthanide luminescence occupies a special position within the general field which predominantly features purely organic molecules as luminophores. With the use of lanthanides in aqueous solutions come certain difficulties (e.g. low molar absorptivities, highly labile coordination chemistry, quenching by OH-and NH-oscillators). However once these difficulties are overcome there are also a number of sizeable benefits (long luminescence lifetimes, linelike emission bands, large Stokes shifts). The problems have been overcome to a great extent for several lanthanides (particularly for europium and terbium) in a number of highly efficient systems, 2 some of which have already emerged as commercial products. 3 One of the under-developed unique features of lanthanide luminescence is the feasibility of circularly polarized luminescence (CPL) spectroscopy, 4, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] which is the emission analogue of circular dichroism (CD). While in general the observation of CPL is not restricted to chiral lanthanide systems, the effects for chiral organic molecules are usually several orders of magnitude smaller than those for compounds containing emissive rare-earth elements. For example, a value for the luminescence dissymmetry factor g lum equal to 1  10 -3 has been measured for chiral triarylamine-based helicenes, 18 whereas lanthanide-containing systems with chiral 2-hydroxyisophthalamide-, pyridyl diamide-, 1-hydroxy-2-pyridinone-, or DOTA-based ligand derivatives exhibited g lum values as high as 0.5. [9] [10] [11] [12] [13] Recently, europium complexes with a camphorbased ligand have been reported with extremely high g lum values of up to 1.38. 15 Together with the general advantages of lanthanide luminescence, CPL also offers highly specific information about the chiral environment of the emitting metal complex (e.g. similar solution structures would result in 3 similar CPL patterns including shape, sign and/or magnitude). It should be noted that CPL can also be used to verify if a lanthanide(III) complex solution contains a mixture of diastereomeric species. If only one emitting species contributes to the observed luminescence from the sample, then the CPL results should be independent of the excitation polarization (e.g. right-, left-, or plane-polarized light). 13 Should the solution contain a mixture of diastereomers, the CPL should be dependent on the excitation polarization. 19 This makes CPL a very interesting, specialized extension to the highly sensitive and efficient luminescence methodology.
In this context, we recently introduced the octadentate, enantiopure ligands H 4 1 (Figure 1 ) for the chelation of terbium(III) and H 4 4 ( Figure 2 ) for europium(III). 11, 20 The corresponding complexes showed very promising general luminescence characteristics (high quantum yield, long lifetimes), as well as rather strong CPL activity in aqueous solution at physiological pH. 
Results and Discussion

Ligand Design Principle
As reported earlier, 11 the most important structural feature of the new octadentate ligands H 4 X (X = 1-5) is the separation of the chiral information from the chromophore/chelator. This allows for a modular synthesis of an array of chiral ligands, which has considerable advantages (synthetic efficiency, flexibility, etc.) relative to the first-generation IAM-based ligands initially introduced by us ( Figure 3 ). 10 With this new concept it was possible for the first time to obtain an enantiopure, second-generation ligand H 4 4 with the 1,2-HOPO motif, which itself is not easily amenable to the introduction of chiral substituents unlike the IAM moiety with its two amide functionalities. The complex [Tb(H1)] has excellent characteristics: high quantum yield in aqueous solution ( = 0.57), no water molecule in the inner coordination sphere of the lanthanide (q = 0), and rather strong CPL activity. The combination of H 4 4 with Eu 3+ results in a high quantum yield ( = 0.077) and shows strong CPL effects, but one water molecule (q = 1) was found to be directly bound to the metal center due to insufficient steric shielding by the ligand from the aqueous bulk solvent. 11 Since our report in this preliminary communication, molecular modeling and a partial crystal structure of a similar complex suggested that a water molecule could access the bottom part of the complex (III, Figure 4 ) due to a lack of appropriate substituents in 3-position on the 1,2-HOPO ring. 21 In the related terbium-IAM complex (II, Figure 3 ) with q = 0, the methyl amides exert a larger steric influence at the assumed bottom binding site for external H 2 O. Further investigation suggested another potential solution to the 6 inner-sphere water coordination in [Eu(H4)(H 2 O)] (schematic: III, Figure 4 ), which considerably lowers the achievable quantum yields through non-radiative deactivation by vibrational coupling to the nearby O-H oscillators: elongation of two arms of the hexamine backbone from an ethylene-C 2 unit to a propylene-C 3 spacer results in more steric bulk at the lower end of the complex (IV, Figure 4 ). This substantially decreases the exposure of the europium center to bulk water by eliminating the necessary space for H 2 O binding. 
Ligand Synthesis
For the realization of this third-generation approach, a new chiral hexamine 10 was prepared as outlined in Scheme 1. Its synthesis started from known, selectively at the primary amines protected bis(trifluoroacetamide) 7, 22 which already has two propylene-C 3 units attached to the central ethylene moiety. Two-fold regioselective ring-opening of (R)-N-tosyl-2-ethylaziridine (8) 23 by the two secondary amines of 7 gave the unsymmetrically protected hexamine 9. Simultaneous removal of the tosyl-and trifluoroacetamide-protecting groups by a mixture of conc. HBr and glacial acetic acid, followed by ionexchange chromatography under strongly basic conditions (Dowex 18, HO -form), yielded the enantiopure hexamine 10 as the monohydrate. 
Synthesis of the Lanthanide Complexes
The complexes with the new ligands were prepared following a standard protocol (LnCl 3  6 H 2 O, MeOH, pyridine, reflux) (Scheme 3). Ligand H 4 2 was used in combination with terbium since the IAM motif is known to be an efficient sensitizer for this lanthanide. The other complexes were not soluble enough in aqueous media to obtain meaningful NMR spectra, or because of the very broad paramagnetic spectra were inconclusive. The aromatic region of both spectra ( Figure 5) show only three signals, as would be expected from a 6-substituted 1,2-HOPO motif. The equivalence, however, of all four chelating moieties on the NMR time scale in both cases does not rule out a mixture of rapidly interconverting species, an issue which will be discussed again in the context of the photophysical properties.
NMR Spectroscopy
General Photophysical Properties
The absorption spectra for the lanthanide complexes in aqueous 0.1 M Tris buffer at pH 7. In summary, from a general luminescence perspective there seems to be a best combination for each to yield large circular polarization. 31 The magnitude of the CPL effect is commonly expressed by the luminescence dissymmetry factor g lum which is defined as:
Here I L and I R refer to the intensity of left and right circularly polarized emissions, respectively. Table   2 Table 1 ).
For [Tb(H2)(H 2 O] , in contrast to [Tb(H1)]
, the shape and amplitude of the CPL activities in aqueous buffer and in MeOH are different ( Figure 9) . Surprisingly, the absolute values for g lum in Tris buffer are very high and almost an order of magnitude greater than the ones in MeOH ( g lum max = 0.40 vs. g lum max = 0.041). Although the reason for this increase remains unclear, we suggest that the chiral structure of [Tb(H2)(H 2 O)] is solvent-dependent. As has been seen for the lifetime measurements in section 2.5 (Table 1: 1) The modular nature of the ligand syntheses allows for facile and efficient assembly of the chiral oligoamine backbone with achiral chelators/antenna chromophores. The capability of varying these two building blocks independently makes it possible to generate molecular diversity very rapidly and will thus enables combinatorial screening for successful ligand lead structures for CPL applications in the future.
2) The europium(III) and terbium(III) complexes of the corresponding ligands show good to excellent general luminescence properties in aqueous solution. For each of the two lanthanides,
there is an optimal combination of the modular ligand building blocks which ensures the existence of only one emitting species and high quantum yields  of up to 0.57 for terbium and 0.08 for europium.
3) The magnitudes of the CPL effects are high for all compounds ( g lum of up to 0.40 for terbium and g lum of up to 0.20 for europium) and are potentially promising for the use of these new complexes in analytical/sensing applications in the future. The combination of lifetime and CPL/CPE measurements strongly suggested the presence of single or multiple species in solution. Of special importance is that these two spectroscopic techniques were able to provide the necessary pieces of information when NMR was not conclusive.
Experimental Section
General
Chemicals were purchased from commercial suppliers and used as received unless stated otherwise.
Solvents were dried by standard procedures (benzene: Na-wire, MeOH: Mg/I 2 ). Pyridine was distilled before use. Elemental analyses and mass spectrometry were performed by the microanalytical and mass spectrometry facilities of the University of California, Berkeley. NMR spectra were measured on Bruker AVQ-400 ( 1 H: 400 MHz, 13 C: 101 MHz) and DRX-500 ( 1 H: 500 MHz).
Ligand Synthesis
Protected ligand H 4 The enantiopurity of this material was confirmed as described earlier by 1 H-NMR spectroscopy after transformation to the corresponding tetrakis(urea) derivative using (R)-1-phenyl-ethylisocyanate. where A is the absorbance at the excitation wavelength , I is the intensity of the excitation light at the same wavelength, n is the refractive index and D is the integrated luminescence intensity. The subscripts 'x' and 'r' refer to the sample and reference respectively. Quinine sulfate in 0.5 M sulfuric acid was used as the reference ( r = 0.546).
Protected ligand H
Circularly polarized luminescence and total luminescence spectra were recorded on an instrument described previously, [12] [13] 
